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Abstract

Purpose—We have previously shown that the chemokine CCL2 plays an important role in
monocyte trafficking into the retina and alteration of the BRB in an animal model of diabetic
retinopathy. In this study, we examined the effect of pharmacologically targeting the chemokine
pathway to reduce the increased retinal vascular permeability in this model.

Methods—C57BL/6J mice were made diabetic using streptozotocin. After 4 months of diabetes,
mice (n =10) were treated by intraperitoneal injections of TAK-779 (dual CCR2/CCRS5 inhibitor)
(30 mg/kg) daily for 2 weeks. Retinal vascular permeability and protein expression were done
using western blot. The SDF-1 levels were measured by ELISA. Immune cell infiltration in retinas
were measured using flow cytometry.

Results—The dual inhibitor significantly decreased retinal vascular permeability in diabetic
animals. There was a significant reduction in macrophage/microglia infiltration in retinas of
treated animals. Levels of SDF-1 and ICAM-1 were significantly reduced and the tight junction
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protein ZO-1 level was increased, and phospho VE-Cad was significantly reduced with drug

treatment.

Conclusions—A chemokine receptor inhibitor (CCR2/CCR5) can reduce retinal vascular
permeability in diabetic animals. Targeting the chemokine pathway pharmacologically may be
used as a novel therapeutic strategy in management of diabetic macular edema.
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Diabetic macular edema; chemokine; CCR2; CCR5; retinal vessels; Vascular permeability; tight
junction protein

Introduction

Currently, the first line of treatment of center-involving diabetic macular edema (DME) is
the intravitreal injection of anti-VEGF drugs. However, a large number of patients respond
poorly to anti-VEGF drugs, and the effect appears to be transient, needing frequent
injections. According to several large studies (RIDE/RISE, DRCR, VIVID/ VISTA), only
27% to 45% of patients in the anti-VEGF arm showed a >15-letter vision improvement.[1]
Almost one third of DME patients do not respond, or poorly respond (< 5 letters of vision
improvement). Thus, there is a big need for development of novel therapeutic strategies in
DME. Also, there is the potential of side effects of choriocapillaris atrophy and subsequent
photoreceptor damage from long-term use of anti-VEGF drugs.[2] Although steroids work
well in these DME patients, they have the potential side effects of cataract formation and
increased intraocular pressure.[3]

One of the earlier events in diabetic retinal inflammation is the adhesion of leukocytes to the
retinal microvasculature. Increased leukocyte adhesion results in loss of endothelial cells and
breakdown of the blood-retinal barrier (BRB). In a recent study, we have demonstrated that
chemokines are upregulated in the retinas of diabetic animals, and that the chemokine
ligands, CCL2 and CCLS5, play an indirect role in mediating the increase in retinal vascular
permeability in diabetes.[4] We have also shown evidence for increased monocyte/
macrophage trafficking into retinal tissues of diabetic animals. The presence of activated
monocytes/macrophages in the extravascular space is evidence of the ability of leukocytes to
breach the BRB by diapedesis and establish an inflammatory reaction within the retinal
tissues. Furthermore, using CCL2 knockout mice made diabetic, we have shown a
significant reduction in retinal vascular leakage and monocyte infiltration following
induction of diabetes indicating the importance of this chemokine in alteration of the BRB.

[4]

DME is a heterogeneous disease with a wide range of VEGF levels in aqueous and vitreous
as well as many other cytokines and chemokines involved in the process.[1] The
concentrations of CCL2 and CCL5 have been shown to be increased in the vitreous and
aqueous humors of patients with diabetic retinopathy/DME.[1, 4, 5] Thus targeting CCL2
and CCL5 can be an effective potential therapeutic strategy in DME as it addresses the
mechanisms of early leukocyte influx, and leukostasis in diabetes.
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In the present study, we examined whether the chemokine pathway can be targeted
pharmacologically to intervene the retinal vascular leakage and alteration of the BRB in an
animal model of diabetic retinopathy. A dual inhibitor of the CCR2/CCR5, TAK-779 was
used to target the binding of chemokines to their receptors. This inhibitor is a non-peptide
small molecule that has been investigated for the treatment of HIV, rheumatoid arthritis,
multiple sclerosis and cancer[6].

Materials and Methods

Animal Model of Diabetes

Diabetes was induced in C57BL/6J mice with five daily consecutive intraperitoneal
injections of streptozotocin (50 mg/kg/day). Age-matched non-diabetic control animals
received injections of an equal volume of citrate buffer only. Animals with plasma glucose
concentrations greater than 250 mg/dL were considered diabetic and were used in the study
following 4 months of diabetes.

Blood glucose levels and body weights were monitored regularly. Animals were euthanized
by CO, asphyxiation and eyes enucleated and processed immediately. All animal studies
were consistent with and adhered to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and were approved by the Institutional Animal Care and
Use Committee of the University of New Mexico Health Sciences Center.

Drug Treatment

After 4 months of diabetes, mice (n =10) were treated by intraperitoneal injections of
TAK-779 (a dual CCR2/CCRS5 inhibitor) (30 mg/kg) daily for 2 weeks. A control group of
diabetic mice (n =10) received IP injections of the vehicle (water). Also, a third group of
non-diabetic mice (n =10) were used as controls.

Flow Cytometry

Retinas from mouse eyes were digested with 0.25 mg/mL collagenase D (Roche,
Indianapolis, IN) for 30 minutes at 37°C and 100 g/mL DNase I in enzyme free Cell
Dissociation Buffer (Life technologies, USA). The tissue digest was then filtered through 70
um cell strainer, and washed with HBSS buffer with 0.5% BSA for 5 minutes at 400 g at
4°C. The supernatant was carefully removed and the digested tissue pellet was resuspended
in FACS buffer to form a single cell suspension. Cell viability was determined by Trypan
blue staining method. Viable single cell suspension was then surface stained using
fluorescent conjugated monoclonal antibodies CX3CR1-APC and CD11b-PE (eBioscience,
San Diego, CA) for 30 minutes at 4°C. Negative controls and single fluorochrome controls
were also done for accurate compensation. Flow cytometry data acquisition was done using
LSR 1l (BD Biosciences, San Jose, CA) and analyzed with FlowJo software (Ashland, OR).

Stromal cell-derived factorl (SDF-1) ELISA

SDF-1 levels were measured in the retinal tissues of the study animals by ELISA
(MilliporeSigma, St. Louis, MO) according to the manufacturer’s protocol.
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Real Time PCR

Total RNA was isolated from retinas (Direct-zol RNA MiniPrep, Zymo Research, Irvine,
CA), converted to cDNA (High Capacity cDNA Reverse Transcription; Applied Biosystems,
Foster City, CA) and analyzed using the appropriate TagMan assay probes (VEGF, CCL2,
CCL5, CCR2 and CCR5) (Applied Biosystems, Foster City, CA) by quantitative realtime
PCR (gRT-PCR). Relative mRNA levels were determined by the comparative Ct method
with normalization with GAPDH.

Western blot

Western blot was used to confirm the permeability and also the expression of tight junction
proteins in the mice retina. Retinal tissues were lysed using RIPA buffer, sonicated and
incubated on ice for 10 min. Lysates were collected by centrifugation at 12000 rpm for 10
min at 4°C. The protein concentration of each sample was estimated using the Bradford
assay method. Protein samples were separated in precast TGX gels (Biorad, Hercules, CA)
and transferred to blotting membranes and probed with anti-albumin (for measuring retinal
vascular permeability), anti-lICAM-1, anti-VE-cadherin, phospho VE-cadherin, anti-p-
tubulin, (Abcam, Cambridge, MA) and anti-ZO-1 (Thermofisher Scientific, Waltham, MA),
primary antibodies and appropriate secondary antibodies. The band density was measured
using Image-J and the ratio of protein of interest and housekeeping protein was plotted as
histogram.

Statistical Methods

Results

For all quantitative experiments, statistical analyses of data comparing two separate groups
were performed with an unpaired t-test, whereas multiple comparisons were done using a
one-way ANOVA (Prism4 software; GraphPad). Differences indicated by ANOVA were
compared by the Newman-Keuls test. A value of p<0.05 was considered significant.

Expression of VEGF, CCL2 and CCL5 in diabetic retinas

Using real time PCR, we examined the expression of VEGF, CCL2 and CCL5 in mouse
retinas from animals with 16 weeks of diabetes compared to age-matched non-diabetic
controls (Fig. 1). The expression of all of these genes in retinas was significantly increased
with remarkably high levels of CCL2 and CCL5.

Retinal vascular permeability change and chemokine receptors

The time line of diabetes induction, drug treatment and the groups are represented in Fig.
2A. The retinal vascular permeability was measured by albumin levels in the mice retina.
The albumin protein levels were in significantly elevated levels in retinas of diabetic mice in
comparison with the tissues of non-diabetic mice (p=0.01) as expected. The albumin levels
were significantly reduced in the retinal tissues of the diabetic mice treated with TAK-779 in
comparison with the untreated diabetic group (p=0.01) (Fig.2B). The gene expression levels
of both CCR2 and CCR5 receptors were significantly increased in the retinas of diabetic
mice compared with non-diabetic mice (p=0.03, p=0.03), and both the receptors expression
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levels were reduced significantly in drug treated diabetic animals in comparison with the
vehicle treated diabetic animals (p=0.02, p=0.02) (Fig.2C).

Flow Cytometry Shows decrease in Macrophage/Microglia Numbers in Retinas of drug
treated diabetic animals

To check the inhibitory effect of the drug on the infiltration of monocytes/macrophages in
the retinas of the mice, we did flow cytometry analysis on retinas of the mice.
Representative dot plot of the flow cytometry analysis is shown in Fig. 3A. Flow cytometry
analysis from diabetic retinas compared to non-diabetic (Ctrl) animals shows a significant
increase in the percentage of CX3CR1*/CD11b* cells (macrophage/microglia), 0.29%
versus 0.15% of total cells (p=0.005), respectively and this infiltration of cells was
significantly reduced by the drug treatment 0.16% (p=0.02) (Fig. 3B).

Decreased SDF-1 and ICAM-1 levels by the drug treatment

The levels of SDF-1, chemokine which triggers the traffic of immune cells and progenitor
cells to the inflamed site was significantly increased in the retinas of diabetic mice (p=0.006)
and the SDF-1 levels were reduced with the drug treatment (p=0.05) (Fig.4A).

The infiltration of the immune cells in the retina and the effect of the drug on limiting the
effect made us to look into the expression of ICAM-1, the adhesion molecule, which
promotes leukocyte infiltration in the inflamed tissue. Here in our study, we observed a
significantly increased ICAM-1 protein level in the retina of diabetic mice in comparison
with the levels of non-diabetic mice (p=0.04), the drug treatment in the diabetic mice made
the ICAM-1 protein level decreased significantly in comparison with the tissues of untreated
diabetic mice (p=0.02) (Fig.4B).

Effect of the Drug on Tight Junction Proteins

In response to proinflammatory signals, the modification of inter-endothelial junctions is
observed, and proteins involved in the formation of tight junctions regulate the permeability
for a given macromolecule. The level of tight junction protein ZO-1 expression was
significantly decreased in the retinas of diabetic mice (p=0.008) and the levels were
significantly increased in the retina of mice which were treated with TAK-779. (p=0.05)
(Fig.5A).

VE-cadherin is one of the most important proteins for the stability of endothelial junctions
and the phosphorylation status of VE-cadherin is essential for vascular leakiness and
leukocyte extravasation.[7] In our study we observed a significantly increased phospho-VE-
Cadherin (Tyr685) levels in the retinas of diabetic mice (p=0.006) and the treatment with the
drug in the diabetic animals decreased the phospho-VE-Cadherin expression in retinas
(p=0.04) (Fig.5B).

Discussion

Here in this study we have shown the effect of a dual chemokine receptor (CCR2/CCR5)
inhibitor (TAK-779) in inhibiting retinal vaso-permeability and restoring the blood-retinal
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barrier in the retina of diabetic mice. This inhibitor drug also decreased infiltration of
macrophage/microglia, and restored cell-junction molecules in the retina of diabetic mice.
Thus, targeting the earlier events of chemokine expression and cellular infiltration in the
inflammatory cascade may be an important strategy in reducing the breakdown of the BRB
and extravasation of proteins and other solutes from capillaries into the extracellular space

(Fig. 6).

Our previous study has shown both increases in expression of F4/80, a monocyte/
macrophage associated marker, increased CX3CR1*/CD11b* cells (macrophages/
microglia), as well as infiltration of activated monocytes/macrophages into the retinas of
diabetic animals,[4] and other previous studies has also shown activated monocytes and
neutrophils in the retinas of diabetic rats and monkeys.[8, 9] The chemoattractants, CCL2
and CCLS5 released by the endothelial cells in diabetes or hyperglycemic condition and binds
to CCR2/CCRS expressed in monocytes, macrophages and microglia, leading to cell
recruitment, activation, cytokine production and blood retinal barrier alteration.[4, 10]
TAK-779 binds to the CCR2/CCRS5 and inhibit the binding of CCL2 and CCL5 to its
respective receptors. The inhibition prevents the cascade of events that leads to blood retinal
barrier alteration.

CD11b is expressed on neutrophils, monocytes, macrophage, natural killer (NK) cells and a
subset of lymphocytes. CD11b has been implicated as having a central role in the migration
of leukocytes from peripheral blood to the sites of inflammation.[11] Microglial cells, the
resident macrophages of the central nervous system (CNS), are distributed throughout the
neural parenchyma of the brain and the retina. These cells play important roles in
development, in tissue responses to injury and infection or inflammation.[12] CX3CR1 is a
chemokine receptor expressed by microglia in the brain and the retina.[13] Its only known
ligand, CX3CL1 (also known as fractalkine or neurotactin), is constitutively expressed by
neurons in the CNS[14] and by neurons and endothelial cells in the retina.[15]

We observed a decrease expression of phosphorylated VE-Cadherin levels with TAK-779
treatment. Modulation of VE-cadherin adhesion between endothelial cells induces vascular
permeability and can be mediated by phosphorylation of VE-cadherin or components of the
adherens complex,[16] by cleavage of the VVE-cadherin extracellular domains,[17] or by
internalization of VE-cadherin.1® In our study we found the level of ZO-1 was significantly
increased in the diabetic retinas following drug treatment. BRB breakdown is also
accompanied by the up-regulation of ICAM-1 and decreased expression of tight cell junction
protein ZO1.[18]

Our results indicated that the levels of both SDF1 (stromal cell-derived factorl) and ICAM1
(intercellular adhesion molecule 1) were increased in the retinas of diabetic animals, this
effect can be reversed with the treatment of TAK779. SDF-1 has been shown to be both
necessary and sufficient to promote the incorporation of bone marrow—derived endothelial
cells within an ischemic retina.[19] Leukocytes adhesion to the vascular endothelium is an
important step in the inflammatory cell emigration from the circulation to the inflamed
tissue.[20] ICAM-1 is expressed on vascular endothelial cells and is a counter receptor for
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integrins in leukocytes.[21] ICAM-1 has been found to mediate retinal leukostasis, vascular
permeability and BRB breakdown in diabetes.[18]

Recently, an oral CCR2/CCRS5 dual antagonist, PF-04634817 showed a modest
improvement in best corrected vision in a phase 11, randomized trial in DME patients, but the
study did not meet the predefined noninferiority criteria compared with intravitreal
ranibizumab injections.[22] The reasons for the modest improvement with this drug could be
short duration of treatment, route of administration (oral vs. intravitreal) and lack of
bioavailability of the drug in the retina.

Therapeutic targeting approaches have been utilized for at least nine chemokines and their
receptors in different diseases including atherosclerosis, multiple sclerosis, diabetic
nephropathy and diabetes itself.[23] Targeting CCL2/CCLS5 alone or in combination with the
current anti-VEGFa therapy or laser, may be a more specific inhibition strategy for reducing
vision loss in DME. CCR2 has been shown to alter VEGF production,[24, 25] suggesting
that inhibition of CCR2 might also help in reducing VEGF levels.[22] Inhibition of the
chemokine pathway (mechanisms of early leukocyte influx and reducing monocyte
trafficking into the retina) addresses a critical upstream target in the inflammatory cascade in
DME.[1] Our findings of the BRB restoration in diabetic animals with the use of CCR2/
CCR5 inhibitors seem promising, and open up the opportunity of a new class of drugs in
treatment of DME.
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Key Messages

1. Chemokines including CCL2 play an important role in the cascade of
inflammation in diabetic macular edema.

2. A dual inhibitor of CCR2/CCRS5 receptors, TAK779 can reduce retinal
vascular permeability and immune cell infiltration in a diabetic mouse model.

3. Targeting the chemokine receptors alone or in combination with anti-VEGF
therapy may be an important novel therapeutic strategy in management of
diabetic macular edema.
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Fig. 1. Increased CCL2 and CCLS5 in retinas of diabetic mice.
MRNA expression of VEGF (*p=0.05), CCL2 (**p=0.0001) and CCL5 (*p=0.03) were

significantly increased in retinas of 16 weeks STZ mice compared with non-diabetic mice.
Data are meanzS.D.
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Fig. 2. Decreased Retinal Vascular Permeability and expression of chemokine receptors in
retinas of mice treated with TAK-779.

(A) A schematic representation of the design of the experiment. (B) Representative western
blot image of Albumin and B-tubulin protein from the retinas of non-diabetic, diabetic
(Vehicle) and diabetic (drug treated) STZ mice (Right). Albumin levels were significantly
increased in the retinas of diabetic mice (Vehicle) in comparison with non-diabetic mice
(*p=0.01), the drug treated diabetic animals had a significantly less amount of albumin in
retinas in comparison with the untreated diabetic animals (**p=0.01) (Left). (C) The gene
expression levels of both CCR2 and CCR5 receptors were significantly increased in the
retinas of diabetic mice compared with non-diabetic mice (*p=0.03, *p=0.03), and were
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significantly decreased in the drug treated diabetic mice in comparison with vehicle treated
diabetic animals (**p=0.02, **p=0.02). Data are mean +S.D.
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Fig. 3. TAK-779 treatment significantly reduces the infiltration of CX3CR1*/CD11b*
macrophage/microglia cells.

(A) Representative dot plots of flow cytometry analysis of control non-diabetic, diabetic
(vehicle) and diabetic (drug treated) STZ mice. Gating was done to include macrophage/
microglia cells labelled CX3CR1*/CD11b*. (B) Histogram represents the total number of
CX3CR1*/CD11b* cells, with significantly increased cells in the retinas of diabetic mice
(vehicle) in comparison with non-diabetic mice (*p=0.05) and there was a significant
decrease in the number of cells in the drug treated animals in comparison with vehicle
treated diabetic animals (**p=0.02). Data are mean+S.D.
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Fig. 4. SDF-1 and ICAM-1 levels were decreased by the drug treatment:
(A) In comparison with the non-diabetic mice retinas there was a significant increase in the

SDF-1 levels (*p=0.006), the levels of SDF-1, was significantly decreased in the retinas of
the drug treated diabetic mice (**p=0.05). (B) (Top) Representative western blot image of
ICAM-1 and B-tubulin protein from the retinas of non-diabetic, diabetic (Vehicle) and
diabetic (drug treated) STZ mice. (Bottom) The levels of ICAM-1 were significantly
increased in the retinas of diabetic mice in comparison with the non-diabetic mice retinas
(*p=0.04), this level was significantly decreased with drug treatment in comparison with the
untreated diabetic mice (**p=0.02).
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Fig. 5. Regulation of tight junction protein by the drug treatment:
(A) Representative western blot image of ZO-1 and B-tubulin protein from the retinas of

non-diabetic, diabetic (vehicle) and diabetic (drug treated) STZ mice. (Top), the levels of
Z0-1 were significantly decreased in the retinas of diabetic mice in comparison with the
non-diabetic mice retinas (*p=0.006), this level was significantly increased with drug
treatment in comparison with the untreated diabetic mice (**p=0.04) (Bottom). (B)
Representative western blot image of phosphor-VE-Cadherin and total VE-Cadherin protein
from the retinas of non-diabetic, diabetic (\ehicle) and diabetic (drug treated) STZ mice
(Top). The levels of phospho-VE-Cadherin was significantly increased in the retinas of
diabetic mice in comparison with the non-diabetic mice retinas (*p=0.006), this level was
significantly decreased with drug treatment in comparison with the untreated diabetic mice
(**p=0.04) (Bottom).
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Fig. 6. Schematic diagram of action of CCR2/CCR5 dual inhibitor in diabetic retinopathy.
(A) In diabetes the level of CCL2 and CCL5 goes up resulting in leukostasis and diapedesis

of monocytes. Once the monocytes come to the extra vascular space, they are differentiated
into macrophages, and also the resting microglia become activated with an ameboid, round
configuration. Both macrophages and microglia secrete multiple cytokines that breakdown
the cell-cell junctions of the blood retinal barrier resulting in increased vaso-permeability.
(B) Treatment with the dual antagonist of CCR2/CCRY5 inhibitor results in binding of the
drug to the monocytes and preventing leukostasis and diapedesis. This further inhibits the
secretion of cytokines and activation of microglia.
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